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Abstract A vortex ring impacting a three-dimensional circular cylinder is studied using large eddy
simulation (LES) for a Reynolds number Re = 4 × 104 based on the initial translation speed and
diameter of the vortex ring. We have investigated the evolution of vortical structures and identiﬁed
three typical evolution phases. When the primary vortex closely approaches to the cylinder, a
secondary vortex is generated and its segment parts move inward to the primary vortex ring. Then
two large-scale loop-like vortices are formed to evolve in opposite directions. Thirdly, the two loop-like
vortices collide with each other to form complicated small-scale vortical structures. Moreover, a series
of hair-pin vortices are generated due to the stretching and deformation of the tertiary vortex. The
trajectories of vortical structures and the relevant evolution speeds are analyzed. The total kinetic
energy and enstrophy are investigated to reveal their properties relevant to the three evolution phases.
c© 2013 The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1303207]
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The interaction of vortices with solid boundaries is
a fundamental problem in ﬂuid dynamics which has re-
ceived considerable attention. Importantly, this subject
is also related to many practical applications, such as
the rotor vortices of helicopter interacting with the air-
frame, and chopping of a pump intake vortex by the
turbine blades. Although vortex rings interacting with
a ﬂat wall have been extensively studied,1–6 the inves-
tigation relevant to a vortex ring impacting a circular
cylinder is very limited. Moreover, the relevant ﬂow
phenomena and physical mechanisms are still unclear
and are worthy of detailed studies.
Homa et al.7 performed an experimental visualiza-
tion on vortex dipoles impinging on a very small cylin-
der. The generation of secondary vortex and the defor-
mation of the primary vortex are observed when the vor-
tex dipoles pass the cylinder. Verzicco et al.8 further nu-
merically studied the two-dimensional dipole/cylinder
interaction. Naitoh et al.9 experimentally studied the
collision between a vortex ring and a thin cylinder at
Re = 830. They observed the ﬂow transition from
laminar to turbulent regime as the diameter ratio be-
tween the cylinder and the ring increased from 0.076 to
0.050. On the other hand, large eddy simulation (LES)
technique has been employed to study the vortex evolu-
tion from laminar to turbulent regime. Sreedhdar and
Ragab10 employed LES to study the response of lon-
gitudinal stationary vortices to random perturbations.
Mansﬁeld et al.11 used Lagrangian LES to investigate
the collision of two coaxial vortex rings.
In this paper, an LES technique is utilized to inves-
tigate the interaction a vortex ring impacting a three-
dimensional circular cylinder at a high Reynolds num-
ber Re = 4× 104. To our knowledge, the relevant work
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has never been performed. The purpose is to study
the complex ﬂow phenomena and the underlying mech-
anisms.
The compressible Favre-ﬁltered Navier–Stokes
equations in generalized coordinates are solved using the
LES coupled with dynamic subgrid-scale (SGS) mod-
els. As employed in our previous work,12,13 the viscous
terms are discretized by a fourth-order centered scheme
and the convective terms by a second-order centered
scheme. Moreover, the present numerical strategy has
already been employed successfully to a variety of tur-
bulent ﬂows and has been veriﬁed the reliable calcula-
tions.
According to the schematic as shown in Fig. 1, a
Gaussian vortex ring14 with radius R0 is initially placed
at xc = (0, 0, z0), its distance from the cylinder axis
is z0 = 4R0. The slenderness ratio of the vortex ring
is σ0/R0 = 0.2 and the diameter ratio of cylinder to
vortex ring is 0.5. The initial translation speed of the
vortex ring is uv = 0.3. To deal with the instability
of the vortex ring, an azimuthal disturbance with an
amplitude of 2×10−4 is introduced by imposing a radial
displacement on the axis of the ring.15 Furthermore,
the radius of the initial vortex ring and the free stream
variables are used to non-dimensionalize and scale the
governing equations and the relevant quantities in the
present study.
Based on the examinations of several cases with dif-
ferent time steps and grid resolutions, we choose the
computational domain extending for 12R0 in the ra-
dial direction with a O-type domain in the y–z plane
and 10R0 in the spanwise or x direction as depicted in
Fig. 1. The corresponding grid number is NS × NC ×
NR = 433 × 481 × 351, where NS, NC, and NR rep-
resent the grid number in the spanwise, azimuthal and
radial directions, respectively. The time step is cho-
sen as Δt = 0.001. Grid stretching is used in the vor-
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Fig. 1. Schematic diagram of a vortex ring approaching a
three-dimensional circular cylinder.
tex/cylinder interaction region −3R0  x  3R0 and
near the cylinder surface. Periodic boundary conditions
are employed in the spanwise direction of the cylinder.
No-slip boundary condition is used on the wall and a
far-ﬁeld boundary condition is applied in the y–z plane.
We ﬁrst investigate the evolution of vortical struc-
tures depicted in Fig. 2. When the vortex ring collides
with the cylinder, a secondary vortex is generated and
starts to move away from the surface in Fig. 2(a). Then,
because of the curvature eﬀect of the cylinder surface,
segment parts of the secondary vortex in the upper side
of cylinder begin to move around and interact with the
primary vortex ring in Fig. 2(b). At t = 17.5, the seg-
ment parts of the secondary vortex have moved inward
the primary ring and begin to interact with the cylin-
der surface. Then the secondary vortex disconnects and
it wrapping the primary vortex ring occurs, leading to
the formation of two loop-like vortices on the two side-
surfaces of the cylinder. It is seen that the segment
parts of the primary and secondary vortices close to
the surface induce instabilities to generate small-scale
vortices, i.e., hair-pin vortices. The generation of the
hair-pin vortices will be further discussed below. For
the segment parts away from the impacting region, the
instability is weak and the deformation of vortex struc-
ture is not conspicuous. Subsequently, as depicted in
Figs. 2(d) and 2(e), the two loop-like vortices wrap-
ping the primary vortex ring begin to move in oppo-
site directions and then come into collision with each
other. The movement of the loop-like vortices is due to
their self-induced eﬀect and is similar to the behavior of
an unbounded vortex ring. With the instability of the
vortex structures developing continuously, the core of
primary vortex ring becomes completely unstable and
small-scale vortices wrapping the inner core of loop-like
vortices occur in Fig. 2(e). Finally, the complicated
vortex–vortex and vortex–surface interactions result in
the small-scale structures in Fig. 2(f).
Further, Fig. 3 shows the vortical structures over
the upper-surface of the cylinder to investigate the gen-
eration of hair-pin vortices distributed between the pri-
mary and secondary vortices. After the secondary vor-
tex separates from the wall and then orbits the primary
vortex, the tertiary vortex induced by the primary ring
is generated. As depicted in Fig. 3(a), the tertiary vor-
tex locates over the primary ring. The strong azimuthal
instability leads to large deformation of the tertiary vor-
tex. Then the tertiary vortex is stretched because of the
induced eﬀect of other vortical structures, and the hair-
pin vortices are generated as demonstrated in Fig. 3(b).
We then study the trajectories of vortices. The tra-
jectories of the primary and secondary vortex centers in
the x = 0 plane are shown in Fig. 4(a), where the vortex
centers are calculated based on the local maximummag-
nitude of vorticity. It can be seen that the secondary
vortex separates from the cylinder surface and moves
away from the cylinder with respect to the evolution of
the primary vortex. As depicted in Fig. 4(b), the gener-
ation of the secondary vortex occurs at t = 14.0 approx-
imately and the motion away from the cylinder along
the y direction for the secondary vortex is larger than
that for the primary vortex. As indicated in Fig. 3(b),
strong stretching and deformation of the primary vortex
should happen at t = 20.0. Then, the primary vortex
breaks into small-scale vortices and its center is hardly
determined. Furthermore, the secondary vortex moves
far away the cylinder and gets into breakdown lately. It
is seen from Fig. 4(c) that the slopes of temporal tra-
jectories of the primary and secondary vortex centers
are nearly parallel, indicating their consistent evolution
speeds along the z direction.
Figure 5 shows the trajectories of vortex centers in
the y = 0 plane. As depicted in Fig. 5(a), the primary
vortex expands along the x direction as it approaches
the cylinder. After the primary ring collides with the
cylinder, the secondary vortex is generated. Then it
lifts up from the surface and moves around the primary
vortex ring. Two loops are observed in the trajectory
of the primary vortex, representing the rebounding and
reversal of the primary vortex. The two rebounding
processes are induced by the secondary vortex. For the
reversals, the ﬁrst one is caused by the secondary vor-
tex and the second one by the tertiary vortex. From
Fig. 5(b) for the temporal trajectories, when the vor-
tex approaches the cylinder, the primary ring spreads
rapidly along the x direction. Then the two halts of
the primary ring spreading occur, which is related to
the rotation of the primary vortex ring and is consis-
tent with the two loops in Fig. 5(a). The evolution of
the primary vortex along the z direction is depicted in
Fig. 5(c) and is reasonably limited in the near region
over the cylinder surface.
Finally, we deal with the total kinetic energy E and
enstrophy Ω in the ﬂow ﬁeld, which are deﬁned as
E =
1
2
∫
(u · u)dV, Ω = 1
2
∫
(w ·w)dV, (1)
where u and w represent the resolved quantities ob-
tained by LES, and the integral domain is the whole
ﬂow ﬁeld. The total kinetic energy and enstrophy are
shown in Fig. 6, where E0 and Ω0 represent the initial
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(f) t = 27.5(e) t = 22.5(d) t = 20.0
(c) t = 17.5(b) t = 16.0(a) t = 14.0
Fig. 2. Evolution of vortical structures depicted by iso-surface of the Q-criterion (Q = 4).
Primary vortex Tertiary vortex
Secondary vortex
(a) t = 17
Hair-pin vortices
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Fig. 3. Vortical structures depicted by iso-surface of the Q-criterion (Q = 4) in the x > 0 region.
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Fig. 4. Plot (a) shows trajectories of the vortex centers in the x = 0 plane. Plots (b) and (c) show temporal variation of the
centers in the y and z directions. Here, square and delta denote the centers of primary and secondary vortices, respectively.
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Fig. 5. Plot (a) shows trajectories of the vortex centers in the y = 0 plane. Plots (b) and (c) show temporal variation of the
centers in the x and z directions. Here, square and delta denote the centers of primary and secondary vortices, respectively.
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Fig. 6. (a) Kinetic energy E and (b) enstrophy Ω in the ﬂow ﬁeld. In plot (b), three phases are described as (I) generation,
(II) deformation, and (III) breakdown.
kinetic energy and enstrophy, respectively. It can be
seen from Fig. 6(a) that the kinetic energy essentially
decreases with the ﬂow evolution due to viscous dissipa-
tion. With respect to the three evolution phases of the
vortices, the kinetic energy reduces smoothly during the
boundary-layer separation and secondary-vortex gener-
ation and decreases quickly as the vortices break down
into small-scale ones.
Figure 6(b) shows the time-dependent enstrophy,
which is closely associated with the evolution of vortices.
Here we can reasonably clarify three distinct phases
of the evolution of the secondary vortex, i.e., genera-
tion, deformation and breakdown, corresponding to the
three typical evolution phases of the vortices exhibited
in Fig. 2. Before t= 10.0 approximately, the vortex ring
is somewhat far from the cylinder and the enstrophy is
almost constant. During 10.0 < t <15.0, the enstrophy
grows considerably due to the generation of secondary
vortex as typically depicted in Fig. 2(a). Then, because
of the generation of the tertiary and fourth vortices in-
duced by the primary vortex ring as well as the stretch-
ing and deformation of the primary and secondary vor-
tices, the enstrophy continuously increases and reaches
its maximum at approximately t = 20.0 with the vorti-
cal structures in Fig. 2(d). Then, as the vortices break
into small-scale ones, the enstrophy decreases quickly.
In summary, the interaction of a vortex ring with
a three-dimensional circular cylinder has been studied
by means of an LES technique. Various ﬂow phenom-
ena and characteristics, such as evolution of vortical
structures, trajectories of primary and secondary vor-
tices, kinetic energy and enstrophy in the ﬂow ﬁeld, have
been examined and are summarized brieﬂy as follows.
The evolution of vortical structures is investigated and
three typical evolution phases can be identiﬁed for the
primary and secondary vortices. Firstly, when the pri-
mary vortex closely approached to the cylinder, a sec-
ondary vortex is generated. Then two large-scale loop-
like vortices are formed which are related to the move-
ment and disconnection of secondary vortex. Thirdly,
the two loop-like vortices evolve in opposite directions
and collide with each other to form complicated small-
scale vortical structures. Moreover, a series of hair-pin
vortices are generated due to the stretching and defor-
mation of the tertiary vortex. Further, the trajectories
of the primary and secondary vortices and the relevant
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evolution speeds are analyzed. Finally, the total kinetic
energy and enstrophy are investigated. As the enstro-
phy is closely related to with the evolution of vortices,
we reasonably clarify the three distinct phases of the
evolution of the secondary vortex, i.e., generation, de-
formation and breakdown, corresponding to the above
three typical evolution phases.
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